Abstract. The objective of this study was to determine whether peptides consisting of the Ii-Key peptide LRMK linked to the N-terminal ends of HER-2 peptides would stimulate the expansion of antigen-specific E75-TCR + CD8
Introduction
We investigated the ability of seven overlapping HER-2 peptides encompassing the region HER-2(774-789) linked to LRMK to activate T cells (Murray et al unpublished data). The Ii-Key activator, the tetrapeptide LRMK, was connected to HER-2 peptides either directly via a peptide bond with their N-terminus or indirectly through ε-aminovaleric acid (Ava). Ava is an intermediary in the degradation pathway of lysine that contains an amino group at position 5. Peptides linked to LRMK through Ava have a peptide bond between the Cterminus Lys in LRMK and the δ carbon of Ava, instead of the canonical C-α'C-α peptide bond found in most proteins. The rationale for introducing Ava by Humphreys et al was that the four consecutive methylene groups would form a flexible uncharged C chain that would allow the free orientation of the LRMK towards the Ia chain-binding pocket outside the peptide-binding groove (1) (2) (3) (4) (5) .
Six of the seven HER-2 peptides tested had the same Cterminal leucine. The length of the N-terminus of HER-2 was increased by the addition of three natural amino acids, Gly-ValGly, to Ser 777 (Table I) . Ser 777 is the first N-terminal amino acid of the peptide G89 [HER-2(777-789)] (6). We showed that peptide G89 activated T cells from the healthy donors and patients with breast cancer and that G89 seemed to bind to HLA-DR4 molecules with a higher affinity than did other HER-2 peptides (6) .
Previous studies by us and by the Disis and Cheever laboratories identified an area in the HER-2 protein that ONCOLOGY REPORTS 19: 1445 -1452 , 2008 contains peptides that activate T cells in humans and rodents (7) (8) (9) (10) . Although many HER-2 protein sequences have been submitted to the GenBank, a comparison of findings across studies has been difficult since the numbering of the residues and the positions of the amino acids have not been reported consistently. One of the purposes of this study was to impose some consistency in reporting. Specifically, the two peptides identified by the Ioannides laboratory are HER-2 (776-788) (F7) and HER-2(777-789) (G89); the peptide identified by the Disis and Cheever laboratories, HER-2(774-788) or p776, represents F7 with two additional amino acids at the Nterminus (7). F7 and G89 have been shown to activate the production of IFN-γ and the proliferation of T cells from patients with ovarian or breast cancer (6) (7) (8) . Recall responses to p776 in vitro were originally thought to require previous patient vaccination in vivo (7, 9) . The activating ability of F7 and G89 was enhanced by IL-12 (11), which was also true for the Disis-Cheever peptide 776 (12) .
HER-2 peptides p776 and F7, N-terminal-linked with Ii-Key tetramer (LRMK) help the proliferation of E75-TCR
In another study, Ii-Key peptides linked to CD4-activating antigens from pigeon cytochrome C were found to activate secondary/recall responses from a pigeon cytochrome Cspecific CD4
+ murine hybridoma line (1) (2) (3) (4) . However, most of the Ii-Key peptides have been reported to be toxic at concentrations of >10,000 nM (2). It remains unclear whether the toxicity is due to the basic N-terminal peptide, the Cterminal α-amide, or the hydrolysis products of these peptides.
In the in vitro and in vivo models used to date, some IiKey-linked peptides have been stronger activators than others (1) (2) (3) (4) (5) . Our studies with human cells revealed that only one of four distinct candidate immunopotentiating Ii-Key peptides LRMK had stronger T-cell activating effects than the free 'unprotected' peptide G89 [HER-2(777-789)] (13). This peptide sequence LRMK was used in this study linked to HER-2 peptides.
The fact that LRMK-p776 did not include Ava offered an opportunity to investigate its binding potential to human MHC class II molecules and to model its structure in complex with HLA-DR1. We found that the potential binding affinity for HLA-DRB1 * 0102 was similar for the natural peptide, p776, F7 and LRMK-p776. These same peptides also had a similar potential binding affinity to HLA-DRB1 * 0101. Given this observed similarity, we constructed models of each peptide in complex with HLA-DR1. We found differences in the activating potential and the orientation of the N-terminal side chains of LRMK-p776 and LRMK-Ava-F7.
Materials and methods

Donors.
Peripheral blood mononuclear cells (PBMCs) used in this study were from women with ductal carcinoma in situ or from healthy individuals. Samples had been collected previously and stored frozen under research protocols approved by the Institutional Review Board of The University of Texas M.D. Anderson Cancer Center.
Ii-Key-linked peptides. The Ii-Key-HER-2 fusion peptides were designed by Dr Robert E. Humphreys and synthesized by Antigen Express, Inc. (Worcester, MA). The components and the coding used to describe those peptides are listed in Table I for ease of comparison. 'Protected' peptides were created by adding an acetyl group to the N-terminus and an α-amide group to the C-terminus. Peptides were dissolved in PBS and stored frozen at -20˚C until use. (17) (18) (19) (20) .
The binding potential of the p776, F7, G89 and LRMKp776 peptides was determined with the TEPITOPE epitopeprediction software program developed by Dr Juergen Hammer (Hoffman-La Roche, Nutley, NJ) (21, 22) . The specificity and restriction of the peptides for MHC class II molecules was confirmed by adding Gly chains onto the N-or C-terminal to the peptide of interest and analyzing 30-amino-acid-long sequences. The MHC class II-bound peptide models were constructed as described elsewhere (19, 20) , with a previously reported model (23, 24) used as a template.
Results and Discussion
Composition of Ii-Key-HER-2 fusion peptides. Review of the chemical analysis for all peptides (provided by Dr Humphreys) confirmed the amino acid composition described. The amounts of Ava were not quantified. A tandem mass spectrometric analysis indicated the presence of only one peak (corresponding to one charged ion) for all peptides. These peptides should have shown several peaks (corresponding to several ion species) because of the presence of arginine (R) in the peptides and in the LRMK extension. Whether the detection of only one peak was due to equipment sensitivity, small amounts of samples analyzed, or the protection afforded by the free amino and carboxy groups remains unclear.
Toxicity of Ii-Key-HER-2 peptides to PBMCs.
Ii-Key peptides have been reported to be toxic in mice in vivo at 10-30 μM (2). Our own tests of the peptides reported here revealed toxicity to human PBMCs in vitro at lower concentrations (not shown), with LRMK-p776 being more toxic than LRMK-Ava-F7 at 3000 nM. It is unclear if the toxicity was due to residual impurities from the synthesis, the presence of the C-terminal α-amide or the N-terminal basic amino acids, or overstimulation of T cells. In a population, a clone of defined specificity cannot be >4%. Decreases in PBMC numbers must be investigated in the future.
Binding affinity of LRMK-p776 to the HLA-DR.
Peptides that bind to MHC class II proteins all contain a nine-amino-acid core that is extended with N-and C-terminal flanking residues that are outside the binding pocket (25) . In this study, the core epitope in every HER-2 peptide studied was HER-2(780-788), i.e., VSRLLGICL (Fig. 1) . We analyzed the potential binding affinity of the test peptides for the MHC class II HLA-DR protein by using the TEPITOPE algorithm. The molecules 'preferred' by p776, F7 and LRMK-p776 were DRB1 * 0102, * 0801 and * 0804. Since the core peptide VSRLLGICL is present in LRMK-p776, we can conclude that the binding preferences of LRMK-p776 are similar to those of p776 and F7.
Extending the p776 peptide [HER-2(774-788)] by adding LRMK did not increase the binding affinity of the hybrid peptide for any MHC class II molecule. The addition of LRMK creates an additional minimum HLA-DR-binding peptide, LRMKGVGS. This sequence is present in p776 though is absent in F7. The peptide LRMKGVGS, binds preferentially to DRB1 * 0806 if LRMK is proteolyzed. The G89 peptide preferentially bound to DRB1 * 0404 and 0410, perhaps because the last six amino acids of G89 are part of the peptide LGICLTVQL, a nine-mer that preferentially binds DRB1 * 0404 and 0410. Given the predicted binding affinity of LRMK-p776 for DR1 identifying the type and amounts of cytokines produced by T cells that are activated by LRMK-p776 will be of interest. The binding affinities are neither absolute nor exclusive. Recent experimental studies have shown that p776 and LRMK-p776 bind DR4 (26, 27) . The important question is whether the weak and the strong binding result in distinct Th1 and Th2 cytokines or enhance the already programmed cytokines of the antigenic peptide as reported by Kallinteris et al (5) .
Activating effects of LRMK-p776 and LRMK-Ava-F7.
At 600 nM, the p776 [HER-2(774-788)] and LRMK-p776 peptides activated the proliferation and survival of PBMCs similar to that induced by F7 [HER-2(776-778)]; at 3,000 nM, proliferation and survival of the PBMCs was similar to that induced by G89 [HER-2(777-789)] (data not shown).
At 7,000 nM, the LRMK-p776 and LRMK-Ava-p776 peptides killed ~40% of the PBMCs, whereas F7 and G89 at the same concentration expanded PBMCs from the same donor by 30-40% compared with the control unstimulated PBMCs (data not shown). This finding suggests that LRMKAva-p776 had a higher functional avidity for TCR than F7 did, that the preparation was contaminated by some kind of toxic material, or that LRMK-p776 or LRMK-Ava-p776, at 7,000 nM, engaged many TCRs of many specificities. This last possibility would resemble the response of T cells to bacterial super-antigens such as endotoxins (28) (29) (30) in that endotoxins rapidly activate cytokine production by T cells and kill those cells shortly thereafter. Table I . Peptides used in this study.
Peptides prepared by Dr Humphreys HER-2(774-788) Ac-GVG-SPYVSRLLGICL-NH 2 AE36, Ac-p776
Ac, acetyl; Ava, ε-aminovaleric acid and NH 2 , α-amide. 
Induction of IFN-γ by LRMK-extended HER-2 peptides.
The ability of LRMK-p776 and LRMK-Ava-F7 to induce cytokine production has been reported elsewhere (Murray et al unpublished data). Briefly, LRMK-p776 induced more IFN-γ in samples from more patients and more healthy donors than did LRMK-Ava-F7. Each IFN-γ induction study included IL-12 as a co-factor. In the absence of IL-12, only LRMKp776 and LRMK-Ava-F7, among 7 peptides at very high concentrations (e.g. 25 μg/ml), stimulated small amounts of IFN-γ. The ability of the unprotected peptides p776, F7 and G89 to induce IFN-γ has not been tested in the same experiment.
Proliferation of E75-TCR
+ CD8 + cells in response to LRMKp776 and LRMK-Ava-F7. We then sought to determine which peptide, LRMK-p776 or LRMK-Ava-F7, was more effective 
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Core, VSRLLGICL; F7, G-SPY-core; p776, GVG-SPY-core; AE-37, LRMK-p776 and AE-47, LRMK-Ava-F7.
-----------------------------------------------------------------------------------------------------in helping the expansion of E75-specific CD8
+ cells in the presence of the immunogenic peptide E75 [HER-2(369-377)] (Table II) . For these experiments, PBMCs from a HER-2 + HLA-A2 + patient with DCIS were activated with LRMKp776 or LRMK-Ava-F7, in the absence or presence of E75. Controls were MART-1 and Flu-Matrix, two peptides with known immunogenicity for CD8 + cells. The activation doses tested were 1 μg/ml (600 nM) or 5 μg/ml (3,000 nM) for LRMK-p776 or LRMK-Ava-F7, with 1,000 or 5,000 nM, respectively, of E75.
As expected, the native E75 peptide alone activated E75-TCR + cells only weakly at either concentration (1,000 and 5,000 nM) and in fact led to the decay of a substantial proportion of the E75-TCR + cells. By comparison, at 1,000 nM, the control peptides Flu-Matrix and MART-1 had a moderately suppressive effect on the numbers of E75-TCR High and E75-TCR Med cells, though did not affect the number of E75-TCR Low cells; at 5,000 nM, MART-1 led to the increase in the number of E75-TCR Hi and E75-TCR Med cells. The reason for these effects is unknown. Several previous studies have reported 'helper' effects by CD8 + cells (31) . LRMK-p776 alone did not increase the number of E75-TCR + cells at 600 nM and led to substantial decreases in E75-TCR + cells at 3,000 nM. The LRMK-Ava-F7 peptide had similar effects. Thus it is unlikely that these two peptides would have any helper effects in vivo if administered alone.
Used together, however, E75 and the putative helper peptides LRMK-p776 and LRMK-Ava-F7 produced decidedly different results. At the lower doses, E75 (1,000 nM) plus LRMK-p776 (at 600 nM) expanded 4.5 times more E75-TCR High cells and E75-TCR Med CD8 + cells than did E75 alone and roughly twice as many TCR High and TCR Med cells as in the unstimulated condition. LRMK-Ava-F7 had similar though less potent effects compared with LRMK-p776. However, for LRMK-p776 and LRMK-Ava-F7, any increases in E75-specific cells were paralleled by decreases in overall cell numbers: the number of E75-activated cells was 69% of the number of unstimulated cells; for E75+LRMK-p776-activated cells, 71%; and for E75+LRMK-Ava-F7-activated cells, 78%. Still more specifically, increases in E75-TCR Med and E75-TCR High cells were paralleled by decreases in E75-TCR Low cells by 70% (for E75+LRMK-p776) and 45% (for E75+ LRMK-Ava-F7). At the higher doses, LRMK-Ava-F7 (at 3,000 nM, administered alone) was twice as strong an activator of E75-TCR Med and E75-TCR High cell expansion as was LRMKp776 (also at 3,000 nM, administered alone). In terms of total cell numbers, 5,000 nM E75 (administered alone) increased the total number of cells by 15%; 3,000 nM LRMKp776 (administered alone) decreased the total cells by 73%; and 3,000 nM LRMK-Ava-F7 (administered alone) decreased the total cells by 29% (relative to the unstimulated condition). Giving either peptide (at 3,000 nM) in combination with 5,000 nM E75 led to similar decreases in total numbers of cells, though giving LRMK-Ava-p776 (3,000 nM) plus E75 (5,000 nM) led to modest increases in the numbers of E75-TCR High and E75-TCR Med cells. In summary, 600 nM LRMK-p776 (administered with 1,000 nM E75) and 3,000 nM LRMK-Ava-F7 (administered with 5,000 nM E75) significantly enhanced the proliferation of E75-TCR Hi +Med CD8 + cells. These findings, that LRMK-p776 had a more potent 'helper' capability than did LRMK-Ava-F7, were also observed in two of the three samples tested (Murray et al unpublished data). In the third sample, LRMK-Ava-F7 was more potent than LRMK-p776. A similar effect has been reported independently (32) . We have no explanation for these differences in potency among individuals, although it is possible that the 'helper' effects are mediated through the elimination of E75-TCR Low cells and cells of unrelated specificities. Such reductions in the overall numbers of cytokine-consuming cells could make more cytokines Table IV . Positive free energies indicate destabilization of Met bound in LRMK and of Ser-Pro in bound HER-2 peptides. 
Core, VSRLLGICL; F7, G-SPY-core; p776, GVG-SPY-core; AE-37, LRMK-p776 and AE-47, LRMK-Ava-F7. The free energy and stability of LRMK-p776 bound in HLA-DR and those of LRMK-Ava-F7 bound in HLA-DR are similar. The free energy is presented in Kcal/Mol. (Table II) . When the concentrations of peptides increased, E75+LRMK-p776 expanded 6,700 E75-TCR High+med cells while E75+ LRMK-Ava-F7 expanded 9,900 E75-TCR High+med cells. It has been reported that CD4
+ cells are needed for a secondary expansion of CD8 + cells. In humans, there are always tumor antigen-specific cells (33) . Additional studies are needed to clarify whether LRMK-bound HER-2 peptides help the priming of naïve CD8 + T cells.
Molecular models of HER-2 peptide HLA-DR.
Our results indicated that at 3,000 nM, LRMK-p776 eliminated many PBMCs and that LRMK-Ava-F7 was a weaker activator than LRMK-F7. To identify the orientation of the side chains of these extended peptides when they are bound to MHC class II proteins, we built molecular models. The first model included the minimum core peptide VSRLGICL (Fig. 2A) . After energy minimization, it became evident that Arg (R) and Ile (I) point upwards and thus form the potential contacts with TCR. Arg has the strongest energy of the charged N groups, though Ile can only mediate van der Waals forces. The second model, that of F7 (GSPY-VSRLGICL; Fig. 2B ), shows that the tetra-peptide GSPY is positioned outside the binding pocket. The tyrosine (Y) points upwards and forms an additional potential point of contact with TCR through its H bonds and benzene ring. The third model, that of p776 (GVGSPY-VSRLGICL; Fig. 2C ), is similar to that of F7 in that the hexapeptide GVGSPY is positioned outside the binding pocket. The valine (V) is oriented upward and can form van der Waals forces. However, in F7 the proline pentagonal ring (see white arrow, Fig. 2B ) is exposed, although in p776 that ring is masked by valine and the free CH3/CH2 side chains point upwards.
The addition of LRMK to p776 added side chains as follows. The leucine (L) points downwards, toward the α-chain of MHC class II and could increase the stability of binding; the arginine (R) points upwards; the methionine (M) associates with the surface of the DR-α chain, exposing the nucleophilic sulfur atom; and the lysine (K) points downwards and could bind to the internal surface of the α-chain. In the LRMK-p776 peptide, the L and the R in the LRMK could collectively enhance the binding of LRMK-p776 in the inside part of the α-chain and the R and the M could enhance contact with the TCR. Hence, the side chains of LRMK form a fourfingered fork with alternating fingers Down-Up-Up-Down or MHC-TCR-TCR-MHC (Fig. 2D) .
The addition of LRMK-Ava to the F7 peptide showed that the absence of the GV group removed the potential contact between valine and the TCR. In another model in which two glycines were used to model Ava, the binding structure MHC-TCR-TCR-MHC was unchanged. However, the peptide bonds C-δ -> C-α will probably affect the binding of LRMK-linked peptides to MHC class II molecules, although the nature of this change in binding remains to be determined. It is tempting to speculate that the C-δ -> C-α bonds would introduce torsion that would decrease the stability of the LRMK-MHC-II complex. This possibility might also explain the weaker stimulating ability of LRMK-Ava-F7 relative to that of LRMK-p776 which lacks Ava.
The exact role of Ava could not be determined. LRMKAva-HER-2(775-788) (LRMK-Ava-VG-SPYVSRLLGICL) and LRMK-Ava-HER-2(774-788) (LRMK-Ava-GVG-SPYVSRLLGICL, i.e., LRMK-Ava-p776) did not induce IFN-γ production, although LRMK-p776 and LRMK-Ava-F7 did. Ava did not affect the stability of peptide MHC-II complex when modeled as glycine. Additional studies are needed in order to define the role of Ava in LRMK activity.
An extension of the core peptide successively with four, six, nine, or ten amino acids increased the positive free energy of the DR-α chain in region 43-54 and of the peptide in the sequence GSP (Tables III and IV) , thereby decreasing its stability. Since the TCR contacts the peptide and the MHC class II chains, the 'opening' of the DR-α chain could affect the contact of the peptide with the TCR in ways yet to be determined.
Lys in LRMK significantly decreased the stability of the bound peptide and was followed by Met. In contrast, Leu had a weak destabilizing effect, while Arg increased the peptide stability of binding. It is then Arg, which our model finds to face TCR also a contact for HLA-DR as suggested (13) .
Our findings of the presence of two minimal HLA-DR binding peptides in LRMK-p776, of complementary function by LRMK-p776 and LRMK-Ava-F7 and of variation in the conformation of the DR-α chain and peptide and orientation of side chains may be useful for enhancing the help and local inflammation during metastasis-protective cancer vaccination. If the LRMK-extended p776 is shown to function similarly with superantigens, it is then LRMK-Ava-F7, LRMK-F7, or F7 the recall 'helper' Ag which can avoid protracted suppression and tumor growth (29) . Extensive studies are needed to address these questions.
